Although many age-related changes have been described in the nervous system of different species, few authors have specifically studied the topic. Knowledge of such changes is essential to veterinary pathologists, who must distinguish the lesions of specific pathologic processes from those arising as a result of normal aging. The brains of 20 old dogs, ranging in age from 8 to 18 years, were compared with those of 10 young dogs using routine staining techniques (hematoxilin and eosin, periodic acid-Schiff), special staining techniques (periodic acid-methenamine silver stain), and immunohistochemical techniques to detect glial fibrillary acid protein, neurofilaments, ubiquitin, and ␤-amyloid. Changes affected meninges and choroid plexuses, meningeal and parenchymal vessels, neurons, and glial cells. Of special interest was the presence of polyglucosan bodies, cerebrovascular amyloid deposition, senile plaques, and ubiquitinated bodies. Some of the age-related changes found, particularly lipofuscin, polyglucosan bodies, and ␤-amyloid protein deposition, may play a role in the pathogenesis of the canine cognitive dysfunction syndrome. The dog could be used as a natural animal model for the study of normal aging and human neurodegenerative diseases.
A wide variety of age-related changes have been described in the nervous system of many species. 7, 21, 26, 30, 31, 33, 35, 37 Most are considered incidental findings, however, and their functional consequences remain poorly understood. Meningeal thickening and calcification, vascular alterations, neuronal and glial changes, white matter degeneration, lipofuscin storage, and axonal swellings and inclusions among other more specific changes have all been reported. However, few general or detailed studies of the effects of aging on the canine brain have been published, 21, 24 even though such knowledge is important to neuropathologists who must distinguish normal changes from true lesions.
Moreover, veterinary practitioners are fully familiar with a cognitive dysfunction syndrome in aged dogs characterized by behavioral changes such as decreased activity and attention span, sleep cycle disturbances, disorientation, and loss of previous housetraining. 3, 4, 21, [23] [24] [25] The etiologic basis of this syndrome is unknown, although some causes have recently been proposed. 4 Here, we describe in detail the age-related histologic findings in old dogs, their prevalence, and their possible clinical implications, and compare these findings with the best known human changes to corroborate the usefulness of the dog as a natural animal model for the study of normal aging and neurodegenerative diseases.
Material and Methods
Twenty aged dogs (8-18 years old) and 10 young control dogs (1-5 years old) were used for the study ( Table 1 ). The animals had died or were euthanatized for a variety of reasons, but no apparent neurologic signs nor mental or behavioral disfunctions as determined by veterinary practitioners had been reported in any case. Necropsies were performed on all dogs. The brains were removed and fixed for 5 days in 10% neutral buffered formalin. Coronal samples of frontal cerebral cortex, temporoparietal cerebral cortex, hypocampus, thalamus, cerebellum, and midbrain were embedded in paraffin, sectioned at 5 m, and stained with hematoxylin and eosin (HE) and periodic acid-Schiff (PAS). In addition, some 8-m sections were stained with periodic acid-methenamine silver (PAM) for senile plaques. Immunostaining was also performed by the avidin-biotin peroxidase complex (ABC) method. Primary rabbit antibodies against glial fibrillary acid protein (GFAP, Dakopatt, Denmark), ubiquitin (Dakopatt), and a synthetic 1-40 peptide of ␤-amyloid protein (Boehringer Mannheim, Mannheim, Germany) and a primary mouse monoclonal antibody against 200-kd phosphorylated and nonphosphorylated neurofilaments were used. Working dilutions were 1 : 400 (GFAP), 1 : 200 (ubiquitin), 1 : 600 (neurofilament), and 1 : 50 (␤-amyloid). Biotinylated goat anti-rabbit and anti-mouse immunoglobulins (Dakoppatt) were employed as secondary antibodies. The peroxidase reaction was visualized with 0.05% 3,3Ј-diaminobenzidine (Sigma, St. Louis, MO) and 0.01% hydrogen peroxide.
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tions were incubated without the primary antibody to rule out false-positive reactions.
Results
Few macroscopic changes were observed in old dogs compared with young controls. A frequent finding was diffuse thickening of leptomeninges viewed as a white enhancement of cerebral sulci.
Narrowing of gyri and widening of sulci were evident in some of the oldest dogs ( Fig. 1 ). Mild to moderate ventricular enlargement was present in 13 aged animals (60%) (dog Nos. 3, 5, 6, 9, 11, 12, [14] [15] [16] [17] [18] [19] [20] and was a constant finding in dogs Ն14 years old (Table 2).
Histologically, choroid plexus and meningeal fibrosis were present in 17 dogs (85%) (Nos. 2-7, 9-11, 13-20) and in all 20 old dogs, respectively, but were not present in young control dogs. Leptomeningeal thickening was diffuse or focal in distribution but more evident in the dorsal aspect of cerebral hemispheres and particularly in the sulci. Cerebellar meninges were spared in most cases. Both meningeal and choroid plexus fibrosis were characterized by proliferation of collagen fibers with scant fibroblasts. There were no clear differences in fibrosis intensity between the age groups, but leptomeningeal thickening was a constant finding in dogs 14-18 years of age.
Meningeal calcification was observed in three dogs (15%) (Nos. 4, 6, 10), affecting the dorsal hemispheric leptomeninges and appearing as concentric basophilic structures resembling psammoma bodies.
Vascular and perivascular changes were a frequent finding. The most prominent change was fibrosis of the vessel walls, found in 15 of 20 dogs (75%) (Nos. 2-5, 7, 9, 10, 13-20) . Adventitial thickening showed a focal distribution in most cases, affecting both meningeal and parenchymal (especially thalamic) vessel walls and being more frequent in small-diameter veins than in arteries. No narrowing of vessel lumina was detected. This change seemed to have a variable age distribution but was more marked in 14-and 15-yearold dogs.
Other vascular abnormalities were hyalinosis in four dogs (20%) (Nos. 5, 10, 13, 14) and microhemorrhages in five dogs (25%) (Nos. 5, 6, 9, 16, 20) . Hyalinosis affected the tunica media of some arterioles, but there were no other associated vascular or perivascular lesions, and no ␤-amyloid deposition was observed.
Three of five hemorrhagic dogs (Nos. 5, 6, 20) showed small, fresh perivascular bleeding. The other two dogs (Nos. 9, 16) had one or two small foci of old hemorrhages and infarctions, with malacia of surrounding tissue and the presence of gitter cells and some reactive astrocytes. These lesions were periventricular in both cases.
Cerebrovascular amyloidosis (CVA) was detected in 13 dogs (65%) (Nos. 1, 2, 6-13, 18-20), affecting leptomeningeal ( Fig. 2 ) and parenchymal medium-and small-caliber arterioles and capillaries. Almost all dogs had both meningeal and parenchymal amyloid deposits, and only one dog (No. 2) had exclusively meningeal amyloidosis. Parenchymal deposits without meningeal involvement were not observed in any dog. No vascular or perivascular degeneration or cellular reactions were detected in affected vessels.
The cerebral cortex, especially the frontal and temporal lobes, was the most commonly affected site. Occasional deposits were detected in the hippocampus and cerebellum. No amyloid deposition was seen in the basal nuclei or brain stem.
Amyloid protein was deposited in the external tunica media of vessel walls (Fig. 2 ). There were both continuous ring-shaped and discontinuous patchy deposits in different dogs and in the same dog. Perivascular, diffuse, and granular immunoreaction was observed in six dogs (Nos. 7, 8, 10, 13, 18, 19) . No correlation was observed between age and amyloid de- . Note the widening of sulci and the retraction of gyri in the brain of the older dog in comparison with the normal aspect of the control brain. 60  100  85  15  75  20  25  65  50  50  100  100  50  85  40  100 65 45 Another striking finding was the presence in 15 dogs (65%) (Nos. 2-10, 13-16, 18-20) of foamy cells around vessels that was of mild to moderate intensity and had a wide distribution. This finding increased with age; it was much more marked in dogs Ն14 years old but was not seen in the younger control dogs. Foamy cells were intensely PAS positive. No abnormalities were observed in affected vessels.
Small localized foci of satellitosis and neuronophagia were clearly observed in 10 dogs (50%) (Nos. 2, 3, 5, 9, 10, 12, 15, 16, 18, 19) , particularly in frontal cerebral cortex and dorsal thalamus sections.
Lipofuscin storage was present in all 20 aged dogs, but less of this yellow-brown PAS-positive pigment was detected in young controls, particularly affecting large neurons such as Betz's giant motor cells and some cranial nerve nuclei neurons. The amount of lipofuscin was large in old dogs, with a wide distribution in cerebral cortex, basal nuclei, thalamus, hippocampal pyramidal neurons, cerebellar dentate nuclei, and some midbrain nuclei. Although lipofuscin in young control dogs appeared as small perinuclear and granular deposits, old dogs had more diffuse granular deposits affecting the pericaria and proximal dendritic tree.
Polyglucosan bodies (PGB) were detected in many areas, mainly as free neuropil inclusions affecting all aged dogs but not young controls (Fig. 3 ). Cerebral cortex (especially the molecular layer), hippocampus (particularly CA1 and CA2 areas of the pyramidal layer), thalamus, mesencephalon, cerebellum (mainly the molecular layer), and medullary gracilis and cuneatus nuclei were the most affected regions. Moderate increase with age was observed, especially in dogs Ն13 years old. PGB appeared as round basophilic inclusions. In some cases, they had a uniform structure, but usually a central dark core with a pale radiated halo ( Fig. 3 ) was seen. Intracellular location was evident only occasionally. PGB were negative for ubiquitin and neurofilament immunostaining but stained intense-ly with PAS. A double PAS staining and GFAP immunostaining revealed that PGB were apparently unrelated to astrocytic processes.
In 10 dogs (50%) (Nos. 1, 7-12, 14, 18, 19) , mainly Ն12 years old, spheroids were seen in cerebral gray matter and, more frequently, in cerebral white matter (cortical radiations, corona radiata, and capsula interna). Spheroids were negative for neurofilament immunostaining, and only occasional ubiquitin-positive immunoreaction was seen.
Neuraxonal degeneration was observed in nuclei gracilis and cuneatus in nearly all dogs ( Fig. 4 ), but this change was occasionally seen in young controls, although more weakly. Ubiquitin immunopositivity was a consistent finding in these degenerated bodies (Fig. 5 ), but neurofilament immunostaining was never detected.
Glial changes affected mostly astrocytes. Astrogliosis (increased GFAP immunostaining) was seen in 17 dogs (85%) (Nos. 1-4, 6-8, 10, 12-20), but astrocytosis (increased number of astrocytes) was obvious only in 7 dogs (35%) (Nos. 3, 5, 8, 10, 16-18). These glial changes were diffuse, bilateral, and more prominent in white than in gray matter (Fig. 6 ), mainly in corticomedullary junction, corpus callosum, capsula interna, hippocampus, and cerebellar white matter. Astrogliosis affected interstitial, superficial (subpial), and perivascular astrocytes, and there was an obvious increase of GFAP stain intensity with aging.
Isomorphic gliosis was seen in cerebellar Bergman's glia in 16 dogs (80%) (Nos. 1, 3-10, 12, 14, [16] [17] [18] [19] [20] .
Neither microglial nor oligodendroglial changes were detected.
Ubiquitin-positive immunoreaction was detected as granules and globules of various sizes in white matter of all old dogs but never in young control animals (Fig. 7) . The density of ubiquitinated bodies increased with age. Immunoreactive bodies appeared among axonal fibers and were seen only occasionally in glial cells or neurons.
Scattered, diffuse ␤-amyloid-positive senile plaques were seen in this study, affecting nine old dogs (45%) (Nos. 1, 4, 6-8, 10, 13, 18, 20) and located in cerebral cortex (Fig. 8 ). The staining pattern was weak and finely fibrillar. Normal amyloid-negative neurons were occasionally trapped in plaques, and occasional amyloid-positive neurons were observed without associated plaques. No dense senile plaques were detected.
In contrast, senile plaques were detected in 13 dogs (65%) (Nos. 5, 6, 8, 9, 11-15, 17, 19, 20) using the PAM stain. Their morphology and location were similar to those seen with ␤-amyloid immunohistochemical staining.
Discussion
Gross changes in the central nervous system of elderly dogs are rarely reported. 30 However, in the present study, several frequently occurring changes were found, such as retraction of cerebral gyri and widening of sulci together with an increase in ventricular volume. These changes are well known in humans but rarely reported in animals. There was a high prevalence of ventricular enlargement in aged dogs (60%). Both cerebral atrophy and ventricular enlargement have been related to the loss of cortical neuronal populations in elderly people. 6 Whether this is also true in animals is unknown, but selective loss of neurons has been described by several authors for a variety of species. 15, 30 Although a quantitative analysis of neuronal loss was not performed, satellitosis and neuronophagia were found in half of the dogs examined; neuronophagia was a clear indication of neuronal loss.
Other neuronal changes were observed. Lipofuscin storage is a well-known finding in aged nervous tissue of many species. 6, 21, 30, 33 Lipofuscin is a lipidic pigment composed of peroxidized lipids and proteins with poorly understood metabolic effects. 6, 30 It is present in children and in young animals. 6, 33 In dogs and in humans, some neuronal populations are prone to pigment storage. In dogs, early storage can be found in hypoglossal and oculomotor nuclei. 33 All aged dogs in the present study showed different degrees of pigment accumulation, a finding that was more pronounced in the oldest animals. Although lipofuscin storage does not induce cerebral dysfunction in young individuals, some deleterious effects cannot be ruled out in aged dogs, in which lipofuscin is present in large amounts. This possibility is reinforced when we consider ceroidlipofuscinosis, an inherited lysosomal disease described in many canine breeds. 30 In this disease, lipofuscin storage is the pathogenic basis underlying functional disturbances, including visual and behavioral alterations such as depression, restlessness, and loss of learned behaviors, a set of signs also seen in canine cognitive dysfunction syndrome.
PGB were a constant finding in all aged dogs studied. The term PGB refers to several different inclusion bodies composed mainly of glucose polymers. 22, 36 Lafora bodies and corpora amylacea are the two main PGB reported in aged animals. 13, 14, 31 Ultrastructural canine brain studies have determined the intraneuronal location of Lafora bodies, in both cytoplasm and axons, 36 whereas corpora amylacea are astrocytic inclusions. However, the possibility of either an intraneuronal or oligodendroglial location has been proposed recently for corpora amylacea, 28 which are found mainly in superficial areas, under pia mater, around vessels, and under the ependymal layer. Positive ubiquitin immunoreactions have also been described. 2 Taking into account the location of PGB found in this study, the results of double PAS and GFAP staining, and the absence of ubiquitin immunoreaction, we prefer to call these inclusions Lafora bodies, in accordance with other authors. 36 Lafora bodies may have no overt neurologic consequences in aged dogs, but their contribution to cognitive dysfunction syndrome needs more detailed study, especially considering that a disorder similar to Lafora body disease in humans has been described in young dogs, mainly Beagles, Poodles, and Basset Hounds, with antecedents of epilepsy, depression, or somnolence. 11 Spheroids are another frequent finding in aged dogs. 30 Two different staining patterns were found in spheroids. Those in white matter appeared ubiquitin and neurofilament immunonegative, and those in gracilis and cuneatus nuclei were frequently ubiquitin immunopositive. This differential staining may indicate a different pathogenic mechanism, the former being a consequence of altered axonal retrograde transport and the latter being the result of a defect of normal cellular catabolism. 8, 10, 19, 30 Neuraxonal dystrophy of brain stem propioceptive nuclei can be found in young animals without functional impairment. 30 In aged dogs, who usually show more pronounced lesions, some degree of proprioceptive impairment cannot be ruled out in some cases, although it was not detected in the present study.
Astrocyte hypertrophy was the most striking finding of glial change. In one study, 26 an increase in GFAP rather than an increase in astrocytic size was observed in aged dog brains. It has been hypothesized that astrocytic gliosis may be a reactive change to neuraxonal damage, 1 but this change may also be a primary effect of aging. 26 Fibrosis and patchy calcifications of meninges and choroid plexus may be viewed as benign age-related changes without clinical consequences, although dural osseous metaplasia of the spinal cord in old dogs has been thought to induce neurological impairment in some cases. 34 Multiple vascular changes were found in these dogs. The pathologic relevance of these findings is difficult to assess without an index dementia test and pathologic correlation study. In veterinary medicine, however, there is no equivalent to vascular dementia syndrome in humans.
In the present study, five old dogs had fresh or old hemorrhagic foci without evident neurologic impairment, although more subtle psychiatric or behavioral abnormalities cannot be ruled out. Thus, caution is needed when attributing clinical significance to these lesions, and their number and extension must be considered.
The implications of our findings of CVA are similar. The incidence of CVA was higher (13/20, 65%) in this study than that reported in normal elderly humans 6 but was generally in accordance with the findings of other canine nervous system studies. 12, 27, 32 However, there was no significant relationship between the presence or degree of CVA and individual age; dogs in all age groups were affected. This finding is inconsistent with those of some studies, where age-related increases in the incidence of CVA have been reported. 9, 32, 37 The lack of a significant effect of age in the present study may be attributable to the number of dogs employed, or the presence or absence of CVA may not be exclusively age dependent and other factors may play an important role. In contrast, the anatomical distribution of CVA was similar to that reported in other studies, 12, 27, 32, 37 with the most affected regions being the leptomeninges and frontal and temporal cortices, as is found in elderly humans. 6 Some authors have proposed a cause-effect relationship between CVA and cerebral hemorrhages. 32 However, in the present study there was no association between these two lesions, in agreement with a previous study. 12 Canine spontaneous cerebral hemorrhages may be related to other unknown causes, such as spontaneous hypertension. 17 Senile plaques with amyloid deposition were sometimes found in aged dogs. The frequency of this finding was lower than that reported in other studies, 4, 9, 12, 15, 27, 32, 35, 37 possibly because of the ␤-amyloid immunohistochemical marker employed, which recognizes the C-terminal A␤40 peptide but not the Cterminal A␤42 peptide present in diffuse senile plaques. 5 Amyloid ␤ protein is neurotoxic, inducing at least in part neuronal apoptosis. 17 Apoptotic cell death has been described in the brains of Alzheimer's disease patients 29 and in aged dogs. 15 Apoptosis-induced neuronal loss caused by amyloid deposition has been proposed as one of the main factors responsible for the age-related dementia complex in Alzheimer's disease patients and in aged dogs. 3, 5, 18 The presence of activated perivascular macrophages may be attributable to a primary blood-brain barrier disorder, taking into account their location. To explain that change, a primary myelin disorder has been proposed because these cells sometimes contain Luxol fast blue-positive material. 7 Ubiquitinated bodies were found in specimens from all older dogs. Ubiquitin is a highly conserved protein that targets proteins for nonlysosomal ATP-dependent proteolysis. 8, 20 Its physiological roles are multiple: DNA repair, cell cycle control, and stress responses. 8 Ubiquitin-immunoreactive granules occur in normal human aging and in diseases such as Parkinson's disease, Alzheimer's disease, or motor neuron disease. 16, 19 Ubiquitinated bodies were found in all older dogs studied, with a clear age-related increase in density, a finding that is consistent with those of other studies. 7 A primary myelin disorder inducing increased levels of abnormal proteins or a decreased proteolytic rate has been proposed to explain the presence of these ubiquitinated bodies. 7 A wide variety of age-related changes affect all the elements of the canine nervous system, including neurons, glia, meninges, choroid plexuses, and the vascular system. The role of these findings in canine cognitive dysfunction syndrome remains unknown and needs further study, especially regarding the roles of lipofuscin, PGB, and ␤-amyloid protein. At present, caution is needed when attributing overt neurologic impairment to these findings.
All the changes described here are similar to those seen in normal elderly humans or in patients suffering from neurodegenerative conditions, confirming that older dogs provide a good animal model for the study of either normal aging or neurodegenerative diseases.
